Functionally graded thermoelectric materials (FGTMs) have been prepared by sedimentation of atoms under a strong gravitational field. Starting samples of Bi x Sb 1Àx alloys with different composition x were synthesized by melting of metals and subsequent annealing of quenched samples. The thermoelectric properties (Seebeck coefficient, electrical conductivity) of the starting materials were characterized over the temperature range from 300 K to 525 K. Strong gravity experiments were performed in a unique ultracentrifuge apparatus under acceleration of over 0.5 9 10 6 G at temperatures of 538 K and 623 K. Changes of the microstructure and chemical composition were analyzed using scanning electron microscopy with energy-dispersive x-ray spectroscopy analysis. The distribution of the Seebeck coefficient of the Bi-Sb alloys was characterized by scanning thermoelectric microprobe. As a result of sedimentation, large changes in chemical composition (x = 0.45 to 1) were obtained. It was found that the changes in chemical composition were correlated with alterations of the Seebeck coefficient. The obtained experimental data allowed the development of a semiempirical model for the selection of optimal processing parameters for preparation of Bi-Sb alloys with required thermoelectric properties.
INTRODUCTION
Thermoelectric materials are currently being considered for construction of innovative devices for waste heat recovery and cooling purposes. Their advantages include reliability and no need for maintenance, but there is still a need for research on efficiency improvement of such materials. For characterization of the usefulness of materials in terms of energy conversion, the thermoelectric figure-of-merit parameter ZT = a 2 rT/k (where a is the Seebeck coefficient, r is the electrical conductivity, and k is the thermal conductivity) is commonly applied. The ZT value of numerous thermoelectric element (TE) materials (e.g., PbTe, Bi 2 Te 3 , CoSb 3 ) usually peaks in a relatively narrow temperature range DT of about 50 K to 100 K. Therefore the average efficiency of thermoelectric elements in which a wider temperature difference exists is significantly reduced due to the fact that, in some regions, the ZT parameter is lower than the maximum value. One of the typical approaches used to overcome this problem is preparation of inhomogeneous elements by joining of a few segments made of different alloys (e.g., Bi 2 Te 3 , CoSb 3 ) with thermoelectric properties carefully selected for the temperatures present in the TE element. Such segmented thermoelectric legs made from materials having complementary properties over the whole temperature range offer significantly better efficiency compared with uniform elements made from a single material. [1] [2] [3] [4] Theoretical studies on segmented legs 5, 6 state that it is possible to increase the absolute efficiency from about 5% in commercially available materials to 18%. Various compounds are considered as materials for construction of segmented legs, with Bi 2 Te 3 , 5, 7, 8 skutterudites (e.g., CoSb 3 -based materials), 8, 9 lead tellurides, 10, 11 silicon-germanium alloys, 12,13 zinc antimonides, 14, 15 and Te/Sb/Ge/Ag (TAGS) materials such as (AgSbTe) 0.15 (GeTe) 0.85 , 16, 17 being only some of the most commonly investigated.
Nonetheless, such use of various materials requires numerous problems to be addressed, including the increased resistance of junctions and inconsistency of mechanical and electrical properties in the interface regions, potentially limiting one of the greatest advantages of thermoelectric devices, namely their long lifespan.
Numerous approaches to the development of inhomogeneous materials have been introduced since Ioffe 18 originally revealed that achieving an appropriate gradient in the carrier concentration could significantly enhance the performance of a thermoelectric leg made of a single thermoelectric material; For example, it has been shown theoretically that preparation of Bi 2 Te 3 -Sb 2 Te 3 with optimal inhomogeneity allows an increase in the maximum energy conversion efficiency by as much as 50%. 19 Similar results have been obtained for various materials developed for both power and cooling applications. [20] [21] [22] [23] One of the methods for preparation of graded materials 24, 25 is deposition of a dopant in the form of a layer on the surface of the thermoelectric material with subsequent annealing of the sample. However, this method has limitations in terms of control of the depth of dopant penetration as well as the miscibility of the dopant under the conditions applied in the experiment.
More advanced methods for preparation of inhomogeneous thermoelectric materials originate from the Czochralski and Bridgman techniques for single-crystal growth, 26, 27 which allow single-crystalline materials to be obtained in a natural way with a fine profile of dopant concentration even along the whole sample length. These methods appear to be relatively simple, but their practical application is limited because of difficulties in preparation of materials with required dopant concentrations that are far from the local equilibrium achieved during the crystallization process.
Our research is focused on development of a new method for preparation of functionally graded thermoelectric materials with controlled profiles of transport properties that avoids the aforementioned limitations. To achieve this aim, a special ultracentrifuge allowing creation of a strong acceleration field of over 10 6 G at elevated temperatures of up to 700 K was applied.
The usefulness of this technique 28 for controlled sedimentation of atoms in solid state ( Fig. 1) was confirmed by Mashimo in regard to various semiconductors and metals. [29] [30] [31] Preliminary results reported by Mashimo for Bi-Sb alloys 31, 32 showed that sedimentation of Bi-Sb alloys at acceleration a = 1 9 10 6 G and temperature above 490 K allows preparation of samples with a very wide range of chemical composition.
The Bi-Sb alloys that are the subject of this study are well-known thermoelectric materials with very good thermoelectric properties at low temperatures, leading to their consideration for cooling purposes. The advantages of this system include its simplicity (binary alloy), its simple phase diagram, as well as the thorough knowledge available on its chemical and physical properties. A specific feature of such BiSb alloys is the anisotropy of the physical properties occurring in single crystals as a result of their rhombohedral structure (in space group R-3/m).
33,34
The highest ZT and Seebeck coefficient values are measured in the c-axis crystallographic direction. 33 Such anisotropy can also often be observed even in polycrystalline samples with homogeneous chemical composition if their method of preparation leads to ordering of crystallites in a specific direction. [35] [36] [37] The aim of this work is to develop and master a new method for obtaining FGTM materials. Therefore, we performed experiments under various conditions for a series of Bi-Sb samples with different chemical compositions. The gathered experimental data allowed us to determine the influence of the basic parameters of the sedimentation procedure (i.e., initial sample composition, temperature, acceleration, and time) on the chemical, microstructural, and thermoelectric properties of the resulting material. The collected experimental data thus form the basis for a semiempirical model allowing selection of optimal conditions for preparation of desired profiles of electronic properties.
EXPERIMENTAL PROCEDURES
Samples of the initial Bi-Sb alloys were prepared by mixing high-purity elements to obtain appropriate Bi:Sb atomic ratios (6:4, 7:3, 8:2, 9:1). The ingots were closed in evacuated quartz ampoules and melted in a rocking furnace at 1000 K for 2 h. Next, the samples were quenched and annealed for 336 h at 520 K to obtain uniform chemical composition.
The electrical conductivity of samples was measured by the four-probe alternating-current (AC) method, together with Seebeck coefficient measurement, over the temperature range from 300 K to 525 K. The results of these measurements were used for calculation of the thermoelectric power factor a 2 r of the initial materials. Samples for sedimentation experiments were cut and polished into cuboid shape with approximate dimensions of 2.5 mm 9 3.0 mm 9 3.5 mm. The thermoelectric properties of the materials were characterized in the direction of crystallization.
Local Seebeck coefficient measurements by scanning thermoelectric microprobe (STM) were performed on three perpendicular surfaces of initial samples to examine the uniformity of the thermoelectric properties after annealing. During STM analysis, the sample was placed between two electrodes (Fig. 2b) and moved underneath the probe in the horizontal plane. The tip of the STM probe was kept at 4 K above the temperature of the sample. At each position, the probe was lowered onto the sample's surface, 30 data points were collected during about 2 s, and statistical parameters were calculated.
The thermal conductivity and hardness of the material significantly affect the results of STM measurements. Elimination of the influence of these properties on the measured values of thermopower is a very important experimental issue. To overcome this problem, we decided to calibrate the apparatus using four reference samples (A, B, C, and D) with different chemical compositions ranging from Bi 60 Sb 40 to Bi 90 Sb 10 . The average Seebeck coefficient of the reference samples had been determined using a classical apparatus for thermopower measurements. Figure 3 shows an example result for a graded sample.
For measurements of the global thermoelectric properties (i.e., Seebeck coefficient and electrical conductivity) of the reference samples, cylindrical samples of approximately 8 mm to 12 mm length and 3 mm diameter were prepared and placed in special holders coated with silver paste to ensure proper heat transfer. The electrical conductivity was measured by the four-probe AC method. The reference samples had holes (0.6 mm diameter) drilled near edges, in which voltage probes and thermocouples were inserted. Measurements of electrical properties were performed over the temperature range from 300 K to 525 K. The microstructure and chemical composition were characterized by scanning microscope (NOVA NANO SEM 200 or JEOL JSM-6460LV) equipped with x-ray spectroscopy (EDX).
Samples with uniform chemical composition and Seebeck coefficient distribution were put into the plate capsules as shown in Fig. 1 and graded in the ultracentrifuge (at Kumamoto University, Japan) under the conditions listed in Table I , selected according to the phase diagram of the Bi-Sb system. Samples were heated by a carbon heater placed in the ultracentrifuge 
RESULTS AND DISCUSSION
The results of the measurements of thermoelectric properties of reference samples are given in Figs. 4, 5, and 6. All samples had n-type conductivity, exhibiting the highest Seebeck coefficient between À90 lV/K and À55 lV/K at room temperature.
The absolute value of a decreased with increasing temperature. The samples revealed metallic character in the electrical conductivity, with highest values between 5.3 9 10 5 S/m and 6.5 9 10 5 S/m at room temperature (RT), decreasing with temperature increase. The power factor a 2 r of each sample reached a maximum at about 323 K (4.0 9 10 À3 for sample D). These results for the thermoelectric properties are in good agreement with those reported in literature for 300 K (Table II) .
The changes in microstructure (Fig. 7) , chemical composition (Fig. 8) , and Seebeck coefficient distribution (Figs. 9, 10 , and 11) after sedimentation were analyzed. It was found that, in the case of the Bi 60 Sb 40 , Bi 70 Sb 30 , and Bi 80 Sb 20 samples, the concentration of Sb decreased sharply at depth of approximately 225 lm, 375 lm, and 750 lm (from the right hand side) (Fig. 7) . In these areas, a clear border was visible between the Bi-rich and Sb-rich parts of the sample. For the Bi 90 Sb 10 sample, even though gradation in the microstructure could be observed, the amount of Bi and Sb changed slightly.
The sedimentation depth depends on the diffusion coefficient of the component in the material. The diffusion coefficient of the element is related to the melting temperature and increases near the melting temperature of the alloy. The melting points of pure Bi and Sb are 544.7 K and 903.8 K, respectively, so the melting point of Bi-Sb alloy increases with the Sb content. As a result, the diffusion coefficient and sedimentation depth decrease with increase in the Sb content.
In the Bi 60 Sb 40 sample, microstructural defects (pores) accumulated at the border between the Birich and Sb-rich regions are clearly visible. The presence of pores can be a result of the Kirkendall effect, i.e., accumulation of vacancies when the difference in diffusion rates of two elements (in this case Bi and Sb) is too large. Pores influence the mechanical, thermal, and electrical properties, and thus control over their formation is desired. Usually, lowering the annealing temperature reduces or even eliminates porosity, as was indeed confirmed by our observations: the amount of pores in samples (C and D) prepared at lower temperature of 538 K was significantly lower than in samples graded at 623 K. Figure 9a shows a map of the distribution of the Seebeck coefficient for the Bi 90 Sb 10 sample. The sample is uniform; the corresponding histogram (Fig. 9c) presents a unimodal distribution of a with relatively small standard deviation r. The accuracy of the measurement is shown in Fig. 9b by a map of the Seebeck coefficient error. Because the determined apparatus error ($1.5 lV/K) is significantly smaller than the standard deviation r (Fig. 9c) , we conclude that the nonuniformity of the material is described quite well.
The histograms of the Seebeck coefficient distributions in Figs. 9c, 10b , and 11 can be described by normal distributions, where l is the mean (expectation parameter) of the distribution and r is its standard deviation (dispersion parameter). Figure 10 shows the results of analysis of the anisotropy of the Seebeck coefficient for a reference sample. The mean Seebeck coefficient values l 1 and l 3 for surfaces 1 and 3, parallel to the direction of crystal growth, are practically the same within the measurement error (1.5 lV/K). The mean value l 2 of the absolute Seebeck coefficient for surface 2, which is perpendicular to the direction of crystal growth, is slightly higher (71 lV/K) than for the other surfaces. The standard deviations (r 1 , r 2 , r 3 ) describing the nonuniformity of the Seebeck coefficient distribution lie between 3 lV/K and 5 lV/K. These values are very low and close to each other. Therefore, we conclude that the sample is almost uniform and exhibits slight anisotropy of thermoelectric properties. Therefore, the results of the measurements of the thermoelectric properties for samples before and after gradation are comparable if the gradation is applied in the growth direction.
Comparison of the results of EDX analysis and Seebeck coefficient distribution in graded samples shows that the changes in chemical composition are strongly correlated with the thermoelectric properties. The distribution of the Seebeck coefficient after sedimentation can have multimodal character (Fig. 11) ; For example, in the case of the Bi 70 Sb 30 sample, sedimentation leads to the formation of a trimodal distribution with modes l 1 = À63 lV/K, l 2 = À42 lV/K, and l 3 = À21 lV/K, corresponding to the Bi-Sb mixed (70% to 90% Bi), Bi-rich (90% to 100% Bi), and Sb-rich (45% to 70% Bi) regions, respectively (Fig. 11b) .
Electronic structure calculations show that Bi-Sb alloys can exhibit semimetallic or semiconductive properties, depending on the chemical composition. 41 It was found that Bi-Sb alloy is a semiconductor for Bi content between 78 at.% and 93 at.%. For this region, the absolute values of the Seebeck coefficient should be the highest. The theoretical bandgap in this range changes between 0 meV and 150 meV, but experimental values are below 25 meV for temperatures below 100 K. Above this temperature, the dependence of the electrical conductivity corresponds to semimetallic behavior. The aforementioned theoretical predictions are consistent with our experimental results (Fig. 5) . In the semiconducting region, the absolute Seebeck coefficient values (a max % À100 lV/K to À80 lV/K) are the highest. For the Bi-rich region between 96 at.% and 100 at.%, the Seebeck coefficient is about À70 lV/K and close to the value reported for pure Bi. For Sb-rich regions, the Seebeck coefficient increases with the Sb content and can reach values of +35 lV/K for pure antimony. These values correspond very well to our results presented in Figs. 4, 9 and 11 and explain the trimodal Seebeck coefficient distribution.
CONCLUSIONS
In a series of sedimentation experiments, a set of graded Bi x Sb 1Àx alloys with large changes in chemical composition (x = 0.45 to 1) and variable Seebeck coefficient distribution were prepared. The experiments allowed the determination of the main processing parameters influencing the chemical and microstructural properties of the resulting materials. It was found that the changes in the chemical composition of the graded materials were strongly correlated with the alterations of the Seebeck coefficient. These first experimental data are essential for further optimization of the processing parameters for controlled preparation of FGTM materials with required profiles of thermoelectric properties.
